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The layered cuprate Bi2CuO4 is investigated using magnetic, dielectric and pyroelectric measurements. This
system is observed to be an improper multiferroic, with a robust ferroelectric state being established near the
magnetic transition. Magnetic and dielectric measurements indicate the presence of a region above the antifer-
romagnetic Neel temperature with concomitant polar and magnetic short range order. Bi2CuO4 is also seen to
exhibit colossal dielectric constants at higher temperatures with clearly distinguishable grain and grain boundary
contributions, both of which exhibit non-Debye relaxation.
INTRODUCTION
The discovery of high temperature superconductivity in
electron and hole doped cuprates [1, 2] have ensured that they
have remained at the forefront of experimental and theoret-
ical investigations in condensed matter physics. However,
unconventional superconductivity is not the only exotic phe-
nomena discovered in this class of materials. For instance,
the under-doped cuprate La2CuO4+x was reported to exhibit
a low temperature ferroelectric state arising as a consequence
of a distortion in the CuO6 octahedra, with an associated mag-
netoelectric coupling being tuned through the antisymmetric
Dzyaloshinskii-Moriya interaction [3, 4]. As is well known,
the magnetoelectric multiferroics refer to a class of materials
where magnetic and polar orders co-exist, and such materials
are in vogue for the rich physics associated with these novel
states as well as potential device applications [5–7]. Of special
interest are systems known as improper (or Type-II) multifer-
roics, where ferroelectricity arises as a direct consequence of
magnetic order [8–13].
Layered cuprates of the form R2CuO4 are known to crys-
tallize in three different structural motifs, typically dictated by
the ionic radius of the R site ion. When R = La, a highly
distorted network of corner sharing CuO6 octahedra is ob-
served (called the T -phase), whereas systems with smaller R
site ions (Nd, Sm or Pr) prefer a corner shared network of
square planar CuO4 units (called the T ′-phase)[2]. Some sys-
tems which constitute of both large and small R site ions are
seen to crystallize in a phase which is made up of half a unit
cell each of the T and T ′ phases, and are typically referred
to as the T ∗ phase in cuprate literature [2, 14–16]. Interest-
ingly, the closely related Bi2CuO4 system exhibits a very dif-
ferent structure, though the ionic radii of Bi3+ (1.31A˚) is very
similar to that of La3+ (1.30A˚). This is presumably due to
the strongly covalent nature of the Bi-O bond, which reduces
the effective co-ordination of the R site from 9 to 6 [17, 18].
Bi2CuO4 is reported to crystallize in a tetragonal symmetry
(space group P4/ncc) and is now established to be a 3D an-
tiferromagnet, with a transition temperature (TN ) ≈ 50 K
[17, 19]. As is shown in Fig.1, the structure of Bi2CuO4 is
characterized by the presence of seemingly isolated CuO46−
Figure 1. The crystal structure of Bi2CuO4 comprising of CuO46−
square plaquettes staggered in chains along the crystallographic c
axis.
square plaquettes which are staggered in a chain-like fashion
along the crystallographic z axis. Unlike other members of
the R2CuO4 family, where the magnetism is driven by con-
ventional Cu-O-Cu superexchange and Cu-O-O-Cu extended
superexchange pathways[20], it has been suggested that in
Bi2CuO4, the magnetism is driven by four dissimilar Cu-O-
Bi-O-Cu paths [17, 21, 22]. The magnetic structure has also
been determined using neutron diffraction, and is thought to
be made up of ferromagnetically ordered spins along the c
axis, with these chains being antiferromagnetically coupled
to the neighbouring ones[17, 23]. Though a preliminary re-
port exists on the dielectric properties of this system [24], the
behavior of the dielectric properties in the vicinity of the mag-
netic transition remains to be investigated. The discovery of
multiferroicity in the layered cuprates clearly warrants a more
serious investigation of Bi2CuO4, especially since the pres-
ence of the 6s2 lone pair on the Bi3+ ion could offer an ad-
ditional means of inducing ferroelectric polarization in this
system akin to that known in the perovskite BiFeO3 [25].
Here, we investigate the magnetic, dielectric and pyroelec-
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Figure 2. The dc Magnetization of Bi2CuO4 measured as a function
of temperature in the Zero Field Cooled (ZFC) protocol. The inset
depicts an MH isotherm as measured at 2 K.
tric properties of Bi2CuO4, and observe that this system is
a hitherto undiscovered multiferroic, with a ferroelectric po-
larization being set up in close vicinity to the magnetic phase
transition. At temperatures well above the magnetic ordering
temperature (TN ), this system exhibits a colossal dielectric
behavior, and two distinct relaxation peaks in the dielectric
loss arising from the grain and the grain boundary response
can be clearly identified.
EXPERIMENTAL
Polycrystalline specimens of Bi2CuO4 were prepared by
the conventional solid state reaction method by using Bi2O3
and CuO as the ingredients. Stoichiometric amounts of these
oxides were mixed and heated at 700oC in air for 24 hours,
following which they were pelletised and reheated at 780o for
another 24 hours. Powder X-ray diffraction data was recorded
using a Bruker D8 Advance diffractometer with CuKα source
under the continuous scanning mode. Magnetization mea-
surements were performed using a Quantum Design (MPMS-
XL) SQUID magnetometer. Temperature dependent dielectric
measurements were performed by using Alpha-A High Per-
formance Frequency Analyzer from Novocontrol Technolo-
gies. The dielectric measurements under magnetic field were
performed by using the Manual Insertion Utility Probe of the
MPMS-XL magnetometer. During the dielectric measure-
ments, 1 Volt excitation signal was used to probe the dielec-
tric response. The pyroelectric measurements were performed
using a Keithley Sourcemeter (Model 2612B) and a Picoam-
meter (Model 6482) and the ferroelectric polarization was de-
rived from the pyroelectric current by integrating over time.
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Figure 3. (a) depicts a view of the inverse dc magnetic susceptibility
exhibiting deviation from a Curie Weiss fit in the region above the
magnetic ordering temperature. (b) shows the dielectric loss tangent
as a function of temperature at various probed frequencies depicting
a frequency and temperature dependent relaxation above TN . The
inset of (a) shows the activated VFT behavior of this relaxation pro-
cess.
RESULTS AND DISCUSSIONS
The dc magnetisation of Bi2CuO4 as measured in the Zero
Field Cooled (ZFC) protocol is depicted in Fig. 2. A clear
antiferromagnetic-like transition is observed at ≈ 50 K, in
good agreement with previous reports [24]. The magnetic
transition temperature of Bi2CuO4 is smaller than that of its
La and Nd based counterparts, presumably as a consequence
of the larger exchange path which drives magnetic long range
order. The inset of Fig. 2 shows a MH isotherm as mea-
sured at 2 K, which is typical of a robust antiferromagnet, with
no sign of any saturation up to the highest applied field of 5
Tesla. At temperatures in excess of 150 K, the inverse of the
susceptibility follows a Curie-Weiss fit, giving θ = -68.4 K
and an effective magnetic moment of µeff = 1.76 ± 0.01 µB ,
which matches very well with the spin-only value (1.73µB)
expected from a Cu2+system. Deviation from linearity ex-
tends to 2×TN , indicating that short range correlations persist
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Figure 4. The temperature dependence of the real part of the dielec-
tric permittivity (′) as measured at zero and 5 Tesla, indicating that
within the magnetically ordered state, ′(T ) can be tuned by an ap-
plied magnetic field.
well above the transition temperature as is shown in Fig. 3a.
Interestingly, the influence of these correlations is also ev-
ident in the dielectric measurements, and the loss tangent ex-
hibits a clear relaxation peak in this regime (Fig. 3b). The
temperature at which the peak is observed shifts to lower tem-
peratures with decreasing measurement frequency, which is
a typical signature of dielectric relaxation in polar glasses
or relaxor ferroelectrics [26], with the relaxation time fol-
lowing a Vogel-Fulcher-Tamman (VFT) behavior given by
τ = τ0 exp
E
KB(T−Tf ) . Here τ is the relaxation time, τ0 is
the pre-exponential factor, E is the activation energy of the
process and KB is the Boltzmann constant. T refers to the
temperature at which the maxima is observed, and Tf is the
static freezing temperature where the dynamics of the relaxing
entities become frozen. As is shown in the inset of Fig. 3a,
this relaxation process conforms to the VFT model, with an
activation energy of 5.52 ± 2.06 meV, and a Tf of 41.2 ± 3.7
K. This feature can originate from polar nano regions (PNR)
coupled to the short ranged magnetic correlations, and could
be looked upon as a possible precursor to the onset of long
range ferroelectric order. Interestingly, we do not observe any
signature of this relaxation in the real permittivity, presumably
due to a small change in the dielectric constant as a function
of frequency. However, a prominent peak is observed in the
real part of the the dielectric susceptibility ′(T ) in the vicinity
of the magnetic transition, indicating a coupling of the elec-
tric and magnetic order parameters in this system (Fig. 4).
Moreover, within the magnetically ordered state, ′(T ) also
exhibits a clear magnetic field dependence, indicating that the
polar state can be tuned as a function of the applied magnetic
field. We note that the change observed in the dielectric con-
stant on applying a magnetic field is not very large, and is of
the order of ≈ 0.1 % at T = 10 K and H = 5 Tesla.
3 5 7 0
0
3 0
6 0
 
 
Pyr
ocu
rren
t (p
A)
T e m p e r a t u r e  ( K )
 5 K / m i n 7  K / m i n 1 0 K / m i n 1 3 K / m i n
( c )
- 6 0
- 3 0
0
3 0
6 0
 
- 1 . 7 3  k V / c m
+ 1 . 3 0  k V / c m
- 0 . 8 6  k V / c m
+ 0 . 8 6  k V / c m
+ 1 . 3 0  k V / c m
+ 1 . 7 3  k V / c m
 
Pyr
ocu
rren
t (p
A) ( a )
- 1 2 0
- 6 0
0
6 0
1 2 0
- 0 . 8 6  k V / c m
- 1 . 3 0  k V / c m
-  1 . 7 3  k v / c m
+ 1 . 3 0  k V / c m
+ 0 . 8 6  k V / c m
 
Pola
riza
tion
 (µC
/m2 )
( b )+ 1 . 7 3  k V / c m
Figure 5. (a) shows the pyrocurrent as measured with a warming rate
of 10 K/min at different poling fields. The reversal of the pyrocurrent
on reversal of the poling field direction denotes a true ferroelectric
state. (b) depicts the polarization as obtained from integrating the
measured pyrocurrent. (c) shows the pyrocurrent as measured at dif-
ferent warming rates with the poling field being kept constant at 1.73
kV/cm.
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Figure 6. The real part of the dielectric permittivity (a) and the loss
tangent (b) plotted as a function of temperature at different probed
frequencies.
Confirmation of the multiferroic nature of Bi2CuO4 is pro-
vided by temperature dependent measurements of the pyro-
electric current, as is shown in Fig. 5. These measurements
were done in the standard parallel plate geometry with differ-
ent poling fields, and the pyroelectric current was measured at
a warming rate of 10 K/min (Fig. 5a). A peak in the pyroelec-
tric current was detected in close proximity to the magnetic
ordering temperature, with its sign being flipped on reversing
the direction of the applied electric field, thus signifying a true
ferroelectric state. The effective ferroelectric polarization val-
ues were deduced to be of the order of 120 µC/m2 at a poling
field of 1.73 kV/cm as is shown in Fig. 5b. These measure-
ments were also validated by repeating the measurement with
different warming rates (Fig. 5c), with the invariance of the
ferroelectric transition temperature ruling out possible exper-
imental artifacts [27].
Magnetically induced ferroelectric order can either arise
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Figure 7. Cole-Cole plots of Bi2CuO4 as measured at 150 K, 200 K
and 225 K, with the grain, grain-boundary, and electrode contribu-
tions being clearly discernible.
from the antisymmetric exchange interaction as in the case of
spiral magnets, or from the symmetric exchange striction as in
the case of collinear magnets. The magnetic order in Bi2CuO4
is reported to be collinear, with spins being aligned along the
crystallographic c axis with ferromagnetic intra-chain and an-
tiferromagnetic inter-chain interactions. Our dc susceptibility
data also shows that the obtained effective magnetic moment
per Cu site (1.76± 0.01µB) is basically the spin-only moment
(1.73µB), thus indicating that the orbital contribution to the
magnetic moment arising from the spin orbit coupling is neg-
ligible. Moreover, an early experimental report [23] clearly
shows that Bi2CuO4 exhibits a hysteretic exchange-striction
driven discontinuity in both the a and c lattice parameters
across the magnetic phase transition, though the symmetry of
the crystallographic unit cell remains unchanged. All these
factors point towards Bi2CuO4 being an exchange striction
driven improper multiferroic. The values of ferroelectric po-
larization in this system are also comparable to that observed
in polycrystalline specimens of other exchange striction mul-
tiferroics like CdV2O7 and HoMnO3 [28, 29]. We note that
polarization measurements performed in polycrystalline spec-
imens at moderate poling fields do tend to underestimate the
true polarization value associated with the ferroelectric state.
Though the strongly covalent Bi-O bond would be expected
to be influenced by the exchange striction driven structural
distortion, the data at our disposal does not indicate an ap-
preciable contribution from the steriochemical activity of the
Bi3+ lone pair to the effective polarization. For instance, po-
larization values measured in polycrystalline specimens of the
lone-pair multiferroic BiFeO3 [30] are more than two orders
of magnitude higher than that measured in Bi2CuO4. How-
5ever, measurements on single crystalline specimens and ad-
ditional theoretical inputs would be needed to conclusively
elaborate on the role of the Bi3+ lone pair in this ferroelec-
tric state.
With the multiferroic nature of Bi2CuO4 having been estab-
lished, we now focus on the high temperature dielectric prop-
erties of this system. There have been reports of large dielec-
tric constant values in related cuprate systems [31], though
an earlier report on Bi2CuO4 reported rather modest values
(100 − 500) of the dielectric constant at room temperatures.
Fig. 6 shows the dielectric constant and loss tangent measured
as a function of temperature at different frequencies. The
room temperature value of dielectric constant in our Bi2CuO4
specimen is of the same order as that reported for other
cuprates [32, 33] and substantially higher than that reported
for this system earlier [24]. 
′
(T ) exhibits two steps from
low-temperature values (≈ 400) to intermediate higher values
(≈2000) succeeded by another step up-to colossal values of
the order of 104. Correspondingly, the loss tangent shows two
distinct relaxation peaks, both of which shift towards higher
temperatures on increasing the measurement frequencies (Fig.
6b). These are features typical of materials exhibiting Colos-
sal Dielectric Constants (CDC), with the cubic CaCu3Ti4O12
being a popular example [34, 35]. Current wisdom is that this
behavior can arise as a consequence of the interfaces between
grain and grain boundaries which act as parallel plate capac-
itors with large dielectric constants. Originally proposed by
Maxwell and Wagner in the context of heterogeneous speci-
mens with varying dielectric constants, the dielectric behavior
of such systems can be represented to arise from a combi-
nation of two lossy dielectrics in series. This internal bar-
rier layer capacitance (ILBC) dominates the measured dielec-
tric permittivity at higher temperatures and lower frequencies
[36, 37]. At lower temperatures (and higher frequencies), the
relative contribution from the layer capacitance reduces, al-
lowing one to measure the contribution arising from the bulk
[38]. In our Bi2CuO4 specimen, we clearly observe two dis-
tinct features arising from these different contributions. The
influence of the ILBC is observed in measurements with fre-
quencies varying from 1 Hz to 400 Hz, above which this fea-
ture clearly moves to temperatures beyond 300K whereas at
lower temperatures (and higher frequencies) the contribution
arising from the grain can be easily discerned. We note that
the value of the loss tangent is less than 1 for exciting fre-
quencies in excess of 100 Hz, which makes Bi2CuO4 a more
attractive candidate for applications in comparison with most
other rare earth cuprates.
These separate contributions to the effective dielectric con-
stant can also be observed when the dielectric data is plot-
ted in the form of Cole-Cole plots, with the frequency de-
pendent imaginary part of the dielectric constant ′′(ω) being
plotted as a function of the real part ′(ω) at different tem-
peratures. Fig. 7 depicts the Cole-Cole plots as measured in
Bi2CuO4 in three different temperature regimes. At 150 K, a
single semicircle is seen, indicating the presence of a single
relaxation process which in this case arises from the contribu-
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Figure 8. The real part of the dielectric permittivity (a) and loss tan-
gent (b) plotted as a function of the probed frequency at different
temperatures. Solid lines are the fits according to Havriliak-Negami
formulation.
tion of the grains. At 200 K on the other hand, two distinct
relaxation processes are observed, with the high frequency
semicircle corresponding to the intrinsic (grain) contribution,
and the low frequency contribution arising from grain bound-
aries. At even higher temperatures (225 K), an additional up-
turn is observed at lower frequencies, which is a signature of
the electrode polarization effect which presumably arises as
a consequence of the accumulation of charges (the so called
space-charge region) at the metallic electrodes. The pres-
ence of two relaxation processes is also clearly reflected in the
frequency-domain data as is shown in Fig. 8. In order to de-
duce quantities of interest, like the relaxation times, dielectric
strengths and the peak parameters corresponding to the grain
and grain boundary contributions, we have fitted the dielectric
data with a generalized Hivriliak-Negami (H-N) function us-
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Figure 9. The temperature dependence of (a) the broadening param-
eter α and (b) the dielectric strength ∆ as deduced from our fitting
procedure for both the grain and the grain boundary contributions.
(c) depicts the relaxation time (τ ) for each of these contributions fit-
ted to an Arrhenius-like activated behavior.
ing the WinFit software from Novo-Control GmbH. Here, the
frequency dependent complex dielectric permittivity is given
by
∗(ω) = −i
(
σ0
oω
)N
+
2∑
k=1
[
∆k(
1 + (iωτk)αk
)βk + ∞k
]
where ω = 2pif is the probed frequency, o is the permittivity
of free space, τ is the associated relaxation time, σo is the con-
ductivity term resulting in the low frequency behavior of 
′′
,
and N is the slope of 
′′
(ω) at lower frequencies ( ≈ 1 in most
cases). The dielectric strength is denoted by ∆ = S − ∞,
where S and ∞ refer to the low and high frequency dielectric
permittivity. α and β are broadening and asymmetry param-
eters linked to the relaxation peaks respectively, and can take
values between 0 and 1. The H-N function modifies to a stan-
dard Debye function for α = β =1. On the other hand, it
modifies to a Cole-Cole function for 0 < α < 1 and β =1;
and to a Cole-Davidson one for α =1 and 0 < β < 1. The
fits to our frequency domain data are depicted in Fig. 8, and
both the real permittivity and the loss tangent is seen to fit
well to the Cole-Cole functional form. Fig. 9a depicts the
temperature dependence of the broadening parameter α as de-
termined by our fitting procedure for both the grain and grain
boundary contributions. The increase in the value of α with
increasing temperature can be ascribed to the recovery of a
Debye like behavior of non-interacting dipoles when the ef-
fective co-operativity is reduced due to thermal fluctuations.
On the other hand, the temperature dependence of the dielec-
tric strength (∆) determined from our fitting is seen to be
very different for the grain and grain boundary contributions,
as is seen in Fig. 9b. In the high temperature regime, a para-
electric like decrease of the dielectric strength of the grain is
observed as a function of increasing temperature. However,
with increasing temperatures, the ∆ for the grain boundary
contribution is seen to initially increase and then settle into a
relatively T independent value. The latter can be explained
by invoking a scenario where increasing T liberates more free
charge carriers which are stuck at the grain boundaries, thus
contributing to the extrinsic polarization. The relaxation times
for both the grain and grain boundary processes have been
calculated, and they are seen to confirm to an Arhenius type
of activated behavior as is depicted in Fig. 9c. Data was fit
using τ = τ0 exp EkBT , where τ , τ0, E and kB refer to the
relaxation time, pre-exponential factor, the activation energy,
and the Boltzmann constant respectively. The linear fit shown
in the inset provides activation energies of 0.207±0.008 eV
and 0.352±.003 eV for the grain and grain boundaries respec-
tively. Our observation that the activation energy of the grain-
boundary is larger than that of the grain is consistent with that
reported for other ceramic systems [33, 36].
CONCLUSION
In summary, we have investigated the cuprate Bi2CuO4 us-
ing magnetic, dielectric and pyroelectric measurements. We
observe that a robust ferroelectric state is established in the
vicinity of the magnetic transition, making this system a hith-
erto unreported exchange striction driven improper multifer-
roic. Magnetic and dielectric measurements reveal a regime
of short range magnetic and polar order at T > TN . At higher
temperatures we find typical signatures associated with colos-
7sal dielectric constant materials, along with two distinct grain
and grain boundary non-Debye type relaxations.
ACKNOWLEDGEMENTS
The authors thank A. M Awasthi for extending experimen-
tal facilities for dielectric measurements, and for a critical
reading of the manuscript. J.K. acknowledges DST India for
a SERB-NPDF. S.N. acknowledges DST India for support
through grant no. SB/S2/CMP-048/2013. The authors ac-
knowledge funding support by the Department of Science and
Technology (DST, Govt. of India) under the DST Nanomis-
sion Thematic Unit Program
[1] J. G. Bednorz and K. A. Mu¨ller, Zeitschrift fu¨r Physik B Con-
densed Matter 64, 189 (1986).
[2] Y. Tokura, H. Takagi, and S. Uchida, Nature Publishing Group
337, 345 (1989).
[3] Z. Viskadourakis, I. Radulov, A. P. Petrovic´, S. Mukherjee,
B. M. Andersen, G. Jelbert, N. S. Headings, S. M. Hayden,
K. Kiefer, S. Landsgesell, D. N. Argyriou, and C. Panagopou-
los, Phys. Rev. B 85, 214502 (2012).
[4] Z. Viskadourakis, S. S. Sunku, S. Mukherjee, and T. S. T. S.
T. P. C. Andersen, B. M.and Ito, Scientific Reports 5 (2015),
10.1038/srep15268.
[5] W. Eerenstein, N. D. Mathur, and J. F. Scott, Nat 442, 2205
(2006).
[6] S.-W. Cheong and M. Mostovoy, Nat Mater 6, 2205 (1990).
[7] K. Wang, J.-M. Liu, and Z. Ren, Advances in Physics 58, 321
(2009), http://dx.doi.org/10.1080/00018730902920554.
[8] T. Kimura, T. Goto, H. Shintani, K. Ishizaka, T. Arima, and
Y. Tokura, Nature 426, 2205 (2003).
[9] G. Lawes, A. B. Harris, T. Kimura, N. Rogado, R. J. Cava,
A. Aharony, O. Entin-Wohlman, T. Yildirim, M. Kenzelmann,
C. Broholm, and A. P. Ramirez, Phys. Rev. Lett. 95, 087205
(2005).
[10] T. Kimura, J. C. Lashley, and A. P. Ramirez, Phys. Rev. B 73,
220401 (2006).
[11] T. Kimura, G. Lawes, and A. P. Ramirez, Phys. Rev. Lett. 94,
137201 (2005).
[12] Y. Yamasaki, S. Miyasaka, Y. Kaneko, J.-P. He, T. Arima, and
Y. Tokura, Phys. Rev. Lett. 96, 207204 (2006).
[13] K. Taniguchi, N. Abe, T. Takenobu, Y. Iwasa, and T. Arima,
Phys. Rev. Lett. 97, 097203 (2006).
[14] H. Sawa, S. Suzuki, M. Watanabe, J. Akimitsu, H. Matsubara,
H. Watabe, S.-i. Uchida, K. Kokusho, H. Asano, F. Izumi, and
E. Takayama-Muromachi, Nature Publishing Group 337, 347
(1989).
[15] S.-W. Cheong, Z. Fisk, J. Thompson, and R. Schwarz, Physica
C: Superconductivity 159, 407 (1989).
[16] J. Akimitsu, S. Suzuki, M. Watanabe, and H. Sawa, Japanese
Journal of Applied Physics 27, L1859 (1988).
[17] J. L. Garcia-Munoz, J. Rodriguez-Carvajal, F. Sapina, M. J.
Sanchis, R. Ibanez, and D. Beltran-Porter, Journal of Physics:
Condensed Matter 2, 2205 (1990).
[18] R. V. Pisarev, V. V. Pavlov, A. M. Kalashnikova, and A. S.
Moskvin, Phys. Rev. B 82, 224502 (2010).
[19] K. Yamada, K. ichi Takada, S. Hosoya, Y. Watanabe, Y. Endoh,
N. Tomonaga, T. Suzuki, T. Ishigaki, T. Kamiyama, H. Asano,
and F. Izumi, Journal of the Physical Society of Japan 60, 2406
(1991), http://dx.doi.org/10.1143/JPSJ.60.2406.
[20] R. Szymczak, H. Szymczak, A. V. Zalessky, and A. A. Bush,
Phys. Rev. B 50, 3404 (1994).
[21] E. W. Ong, G. H. Kwei, R. A. Robinson, B. L. Ramakrishna,
and R. B. Von Dreele, Phys. Rev. B 42, 4255 (1990).
[22] M. Aı¨n, G. Dhalenne, O. Guiselin, B. Hennion, and
A. Revcolevschi, Phys. Rev. B 47, 8167 (1993).
[23] J. P. Attfield, Journal of Physics: Condensed Matter 1, 7045
(1989).
[24] K. Yoshii, T. Fukuda, H. Akahama, J. Kano, T. Kambe, and
N. Ikeda, Physica C: Superconductivity and its Applications
471, 766 (2011), the 23rd International Symposium on Super-
conductivity.
[25] D. Khomskii, Physics 2, 20 (2009).
[26] L. E. Cross, Ferroelectrics 76, 241 (1987),
http://dx.doi.org/10.1080/00150198708016945.
[27] Y. Kohara, Y. Yamasaki, Y. Onose, and Y. Tokura, Phys. Rev.
B 82, 104419 (2010).
[28] G. Giovannetti, A. Stroppa, S. Picozzi, D. Baldomir, V. Pardo,
S. Blanco-Canosa, F. Rivadulla, S. Jodlauk, D. Niermann,
J. Rohrkamp, T. Lorenz, S. Streltsov, D. I. Khomskii, and
J. Hemberger, Phys. Rev. B 83, 060402 (2011).
[29] B. Lorenz, Y.-Q. Wang, and C.-W. Chu, Phys. Rev. B 76,
104405 (2007).
[30] V. V. Shvartsman, W. Kleemann, R. Haumont, and J. Kreisel,
Applied Physics Letters 90, 172115 (2007).
[31] T. Park, Z. Nussinov, K. R. A. Hazzard, V. A. Sidorov, A. V.
Balatsky, J. L. Sarrao, S.-W. Cheong, M. F. Hundley, J.-S. Lee,
Q. X. Jia, and J. D. Thompson, Phys. Rev. Lett. 94, 017002
(2005).
[32] N.-H. Peng and W.-Y. Liang, Physica C: Superconductivity 229,
268 (1994).
[33] P. Salame, R. Drai, O. Prakash, and A. Kulkarni, Ceramics
International 40, 4491 (2014).
[34] M. Subramanian, D. Li, N. Duan, B. Reisner, and A. Sleight,
Journal of Solid State Chemistry 151, 323 (2000).
[35] C. C. Homes, T. Vogt, S. M. Shapiro, S. Waki-
moto, and A. P. Ramirez, Science 293, 673 (2001),
http://science.sciencemag.org/content/293/5530/673.full.pdf.
[36] D. C. Sinclair, T. B. Adams, F. D. Morrison, and
A. R. West, Applied Physics Letters 80, 2153 (2002),
http://dx.doi.org/10.1063/1.1463211.
[37] P. Lunkenheimer, R. Fichtl, S. G. Ebbinghaus, and A. Loidl,
Phys. Rev. B 70, 172102 (2004).
[38] P. Lunkenheimer, V. Bobnar, A. V. Pronin, A. I. Ritus, A. A.
Volkov, and A. Loidl, Phys. Rev. B 66, 052105 (2002).
